Recent evidence supports the notion that biological functions of extracellular matrix (ECM) are highly correlated to its structure. Understanding this fibrous structure is very crucial in tissue engineering to develop the next generation of biomaterials for restoration of tissues and organs. In this paper, we integrate confocal microscopy imaging and imageprocessing techniques to analyze the structural properties of ECM. We describe a 2D fiber middle-line tracing algorithm and apply it via Euclidean distance maps (EDM) to extract accurate fibrous structure information, such as fiber diameter, length, orientation, and density, from single slices. Based on a 2D tracing algorithm, we extend our analysis to 3D tracing via Euclidean distance maps to extract 3D fibrous structure information. We use computer simulation to construct the 3D fibrous structure which is subsequently used to test our tracing algorithms. After further image processing, these models are then applied to a variety of ECM constructions from which results of 2D and 3D traces are statistically analyzed.
INTRODUCTION
Extracellular matrix (ECM) is an organized 3-dimensional network composed of collagens, glycoproteins, proteoglycans (PGs), and glycosaminoglycans (GAGs). Studies of ECM-related gene mutations provide evidence that the cell-matrix interactions play important roles in regulating development and differentiation. It is now known that ECM can regulate cell behavior through at least three mechanisms: composition of ECM, interactions between ECM and growth factors, and signal transduction.
However, the above biochemical influences are not the only ones. Many investigators have become increasing interested in structural properties of ECM as they attempt to culture cells in a 3-D environment, which results in better cell differentiation and reconstitution of morphogenesis. It is well known that the dominant components of ECM in most tissues are collagens. Thus, many researchers are interested in collagen fiber structure, including fiber length, orientation, and diameter. However, the complexity of a 3D fibrous network makes it very difficult to extract quantitative information. Some scientists apply a manual computational method to ECM images, use image-analysis techniques such as direct tracking, or use circular polarized light microscopy techniques to analyze ECM structure 1, 2, 3, 4, 5, 6, 7, 8 . Those approaches provide only 2D information, and the performance is not good if there are variations on boundaries or inside fibers.
In this paper, we integrate confocal microscopy imaging techniques with our tracing software to extract ECM structural properties not only from 2D images but also from a 3D image data set. The computer simulations are used to test accuracy and robustness of software which is then applied to ECM images to reconstruct a 3D geometrical model to show specific structural properties which are impossible to observe from images. 
METHODOLOGY

Confocal Microscopy
Confocal microscopy is a powerful instrument for investigating the structure of biomaterial. Confocal microscopy creates an image by scanning a beam of laser light across an object and uses a photomultiplier tube (PMT) as the detector to collect light. The signal is then converted to digital form that contains the information about the position and intensity of light from the sample. The image is displayed on the computer screen with 256 gray-scale levels, which can be suitably colored by look-up tables (LUT) later.
Compared to conventional light and electron microscopy, confocal microscopy provides several advantages. First, it collects information from a well-defined optical section rather than from the whole depth of a specimen. Second, it optically sections the specimen to create z-series images, which can be used to reconstruct the 3-D structure. This process avoids the physical sectioning artifacts observed with conventional light and electron microscopes.
Sample preparation and image acquisition
Type I collagen or mixtures of interstitial ECM components are polymerized in Lab-Tek chambered coverglasses to form 3D matrices, which are imaged without staining using the BioRad MRC1024 confocal microscope via a 60X, 1.4 NA oil-immersion lens. The 488-nm laser light illuminates the sample and the reflected light is detected by a PMT ( photomultiplier tube) using a blue reflection filter. A stack of gray-level digital images is formed by scanning the sample at different depths. A z-step size of 0.2 µm is used to optically section the sample and x-y plane pixel size is 0.1 µm.
Computer simulation and image synthesize
Lines and curves are synthesized and randomly distributed in 2D images. Sine waves are used to simulate curves, whose orientation is the axis of the wave. In order to simulate fibers in 3D space, we create 3D geometrical objects (i.e. lines and curves) randomly distributed in 3D space, and then convert this space to a set of images similar to those from the confocal imaging procedures. All simulated lines and curves with random length, diameter, and orientation are randomly distributed in a 2D image or a 3D image set to test our tracing software.
Image processing and tracing software
Many image-processing techniques can improve image quality. Basically, we apply a smoothing technique (i.e., gaussian smoothing), a rank leveling technique, and an optimal thresholding method to the scanned images. Gaussian smoothing blurs images and removes detail and noise, thus smoothing the boundaries of objects. The rank leveling technique is particularly useful in cases of irregular background brightness variation during imaging. The optimal thresholding method is a nonparametric method to automatically select the threshold value based on a intensity histogram to segment objects from background 9 . Following image processing, we apply tracing software to identify the axes of fibers, recognize and maintain cross-links between fibers, and extract the diameter, length, and orientation of fibers. To extract 2D information from an image, we apply Euclidean distance mapping (EDM) to encode the brightness of each pixel on the image as the distance to the nearest pixel in the background 10 , and then use an implicit disk whose radius is equal to the mapped distance value to trace in fibers. Tracing procedures start from the global maximum distance point (i.e., the unlabeled point in an image with the largest EDM mapping value) to find local maximum distance points (i.e., the unlabeled point with a larger EDM mapping value than its left and right neighbors on the circle), and thus form new tracing centers and branches along axes. The procedures repeat tracing from found points till all objects are labeled. In order to extract 3D information from a data set, we extend EDM to 3D EDM, and then use cube instead of disk to trace inside fibers. After truncating unwanted side branches and connecting separate segments, tracing software can form continuous axes of fibers. The structural information such as length, orientation, and diameter of fibers is measured based on information from points along axes.
RESULTS
Computer simulation
We synthesize lines and curves randomly distributed in image, and then apply tracing software to extract length and orientation information (Figure 1.) . Each point in the plot indicates a fiber with specific length and orientation. Figure 1 shows that extracted structural information (labeled with 's') represents the real test data (labeled with '·') very well.
3D extracted information compared with real test data is shown in Figure 2 . We plot these 3D orientation and length information. Clearly, the extracted information can characterize the real test information whether they are lines or curves.
We have investigated the accuracy of fiber diameter measurements. Based on simulations, we found that the measurement is precise up to a size of ten pixels. However, the diameter value may be significantly changed through image processing. 
ECM images
After being tested by computer simulation, our tracing software is applied to ECM images. Usually the scanned ECM images have low signal-to-noise ratio (SNR) due to the reflecting property of fibers and to noise during imaging. Image-processing techniques are used to improve image quality. The 2D ECM image used is a wide-field image scanned by confocal microscopy shown in Figure 3a , where bright objects are fibers. The axes of fibers found by our 2D tracing program are the color curves shown in Figure 3b .
The ECM image data set including fifty optical slices is shown in Figure 4a , which has been processed to improve quality. The tracing software extracted 3D quantitative data from the image set, and built the ECM structural model shown in Figure 4b. 
DISCUSSION
This work has established that our tracing software can extract axes of fibers from 2D image and 3D image set, and then build a structural model based on 3D quantitative data. Generally, a searching direction and step size in tracing fibrous structure are critical. Our program uses a disk in 2D or cube in 3D to trace inside fibers. The size of the disk or cube is the tracing step size, which is automatically changed based on local structure (i.e., is large for a thick fiber, and small for a thin fiber), and then tracing directions can be defined as orientations of a line linking a searching point with found points. The automatic regulation mechanisms not only save tracing time but also provide detailed structural information.
However, some unwanted local maximum points not on axes are found due to variation on the boundary or inside objects, especially in real ECM images, and these form many short branches connecting to axes. Our program can truncate those branches based on their length, orientation, and other characteristics. The found axes are accurate and robust with respect to variations in local fiber structure.
Based on the 3D quantitative data, we can build an ECM structure model, which is very useful investigation of fiber formation and interactions inside ECM. Proc. SPIE Vol. 4621 55
